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ABSTRACT

BACKGROUND: Ameloblastoma (AM) is a benign tumor locally originated from odontogenic epithelium that is commonly found in the jaw.
This tumor makes aggressive invasions and has a high recurrence rate. This study aimed to investigate the differentially expressed genes
(DEGs), biological function alterations, disease targets, and existing drugs for AM using bioinformatics analysis.

METHODS: The data set of AM was retrieved from the GEO database (GSE132474) and identified the DEGs using bioinformatics analysis.
The biological alteration analysis was applied to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
Protein-protein interaction (PPI) network analysis and hub gene identification were screened through NetworkAnalyst. The transcription fac-
tor-protein network was constructed via OmicsNet. We also identified candidate compounds from L1000CDS2 database. The target of AM
and candidate compounds were verified using docking simulation.

RESULTS: Totally, 611 DEGs were identified. The biological function enrichment analysis revealed glycosaminoglycan and GABA (y-
aminobutyric acid) signaling were most significantly up-regulated and down-regulated in AM, respectively. Subsequently, hub genes and
transcription factors were screened via the network and showed FOS protein was found in both networks. Furthermore, we evaluated FOS
protein to be a therapeutic target in AMs. Candidate compounds were screened and verified using docking simulation. Tanespimycin
showed the greatest affinity binding value to bind FOS protein.

CONCLUSIONS: This study presented the underlying molecular mechanisms of disease pathogenesis, biological alteration, and important
pathways of AMs and provided a candidate compound, Tanespimycin, targeting FOS protein for the treatment of AMs.
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Introduction aggressive clinical characteristics cause patients to suffer from

Ameloblastoma (AM) is an aggressive benign odontogenic cosmetic and functional deformities.
tumor. It is originated from tooth-generating tissue or a dental

follicle.! Although AM is found in 1% of all tumors in the jaw

Despite efforts focused on understanding the molecular
pathogenesis of odontogenic tumors such as molecular path-

region, they are known as the second commonest odontogenic
tumor.? The pathogenesis of odontogenic tumors is obscured.
Several studies were performed to identify genetic deregula-
tions and molecular alterations in an attempt to explain the
mechanisms of oncogenesis, cytodifferentiation, and tumor
progression.3

Ameloblastoma presents locally invasive behavior with a
high recurrence rate.* Standard therapy for AM is surgical exci-
sion with a margin of at least 1 cm. After surgical treatment,

ways and gene deregulations in these tumors that could be used
for treatment.® In silico approaches, such as bioinformatic
analysis, have been performed to investigate signaling path-
ways, protein interactions, gene-drug prediction signature, and
gene expression to obtain the best understanding of the patho-
logical mechanisms of several diseases.” The computational
method is an important tool to understand molecular aspects
of oral pathology and medicine.? This study aimed to compre-
hensively investigate and analyze the differentially expressed
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genes (DEGs), biological function alterations, disease targets,
and existing drugs for therapeutic strategies for AM through
bioinformatics analysis.

Materials and Methods
Data collection

GSE132474 (GPL16699 Agilent-039494 SurePrint G3
Human GE v2 8x60K Microarray 039381) was obtained from
the GEO data set, The National Center for Biotechnology
Information (NCBI) database (https://www.ncbi.nlm.nih.gov/
gds/?term=GSE132474).° The study was designed to perform
expression and genome variation profiling using an array in
AM. The patient samples consist of 8 AM tumor tissues and 8
normal oral tissues.

Data processing for differentially expressed gene
identification

The data were organized using R package through GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/). The differences
in gene expression profiles between the selected GEO data sets
were normalized, aggregated, and produced the DEG data
matrix. The P-value was set as <.05 and log fold change =1.

Biological alteration and enriched pathway analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were analyzed using the annota-
tion, visualization, and integrated discovery (DAVID) database
(https://david.ncifcrf.gov/). The results from the submitted list
of DEGs were filtered using a statistical cutoff of P<<.05, and
the background reference was set to the whole genome annota-
tion for the human genome (homo sapiens). The significantly
enriched top 10 GO and KEGG terms were plotted as a dot-
plot and dendrogram.

Protein-protein network interaction and hub-gene
identification

To explore protein’s molecular functions (MFs) and cell regula-
tory mechanisms, the DEGs in up-regulation and down-regu-
lation were mapped using NetworkAnalyst (https://www.
networkanalyst.ca).'® The 10 hub genes were identified using
the 10 highest betweenness scores.

Transcription factor genes network interaction

Transcription factor (TF)-genes regulatory network interac-
tion was constructed to investigate the regulation of TFs at the
molecular level. The DEGs were used to imply into OmicsNet
database (https://www.omicsnet.ca/faces/home.xhtml), and
the TF-genes network was mapped to identify the most sig-
nificant TE.11

Modular analysis using protein network

For further exploration of densely interacting modular in pro-
tein network, the Molecular Complex Detection (MCODE)
plugin in Cytoscape which detects modules or densely inter-
acting nodes in the protein network.!? The default parameters
such as degree cutoff=2, node score cutoff=0.2, and k-Core of
2 in MCODE were applied in the Metascape database. The
Metascape Database (https://metascape.org/) was used to per-
form enrichment analysis and integrated multiple data
resources including GO, KEGG, UniProt, and DrugBank,
which provides pathway enrichment, annotation of biological
processes (BPs), genetic pathway visualization, interpretation,
and analysis. For the identification of enriched pathways regu-
lated using DEGs in the top modules, the ClueGO app of
Cytoscape was employed for the identification of enriched
pathways with a P<.05 as a threshold and kappa statistics
were used to construct and compare networks of functionally
related GO terms and Reactome pathways.!3

Small molecule drugs screening

The resulting list of up-DEGs and down-DEGs was implied into
L1000CDS? for screening of small molecule agents by retrieving
information including drug classification, mechanism of action,
existing indication, targeting pathways, and clinical trials.*

Validation of small molecules and targets using
SwissDock

The canonical simplified molecular-input line-entry system
(SMILES) of small molecules was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/). Then, the amino acid
sequence of selected proteins was obtained from GenBank NCBI
and corresponded to the NCBI references. The 3-dimensional
structure was generated from the corresponding PDB format.
After the preparation of the ligands and proteins, molecular
docking calculations were performed using SwissDock (https://
www.swissdock.ch/).”® The docking study corresponded to a sys-
tem with flexible ligand rigid protein. Using specific scoring fea-
tures based on energy terms, the best protein-ligand binding
model was obtained. Interaction types and distances were evalu-
ated with the UCSF chimera program and discovery studio visu-
alizer.’ The lowest binding energy (kcal/mol) was used as the

standard comparison.

Statistical analysis

A moderated #-test was applied to identify DEGs, and Fisher’s
exact test was used to test for enrichment in GO terms and
KEGG pathways. The value of P<<0.05 was considered to be
statistically significant and log fold change was set as
1=FC=<1.
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Figure 1. (A) Standardized of gene expressions. (B) Volcano plot of DEGs between normal and AM (GSE132474). (C) Gene expression clustering
heatmap of DEGs. The green color represents up-regulated genes, and the red color represents down-regulated genes.

Results
Differentially expressed genes’ analysis

A total of 611 DEGs were identified consisting of 207 up-
regulated genes and 404 down-regulated genes. Differentially
expressed genes in individual samples were shown in
Supplementary Material 1 and Figure 1A. Moreover, the vol-
cano plot and clustering heatmap were generated in Figure 1B
and C, respectively. Each dot in the volcano plot represents a
gene. The clustering heatmap results demonstrated that the
expression of DEGs between 2 groups of samples was signifi-
cantly different.

Biological functions alterations and enrichment

pathways

A total of GO terms were enriched in up-regulated and down-
regulated genes, including BP, MF, and cellular components
(CCs). The up-regulated genes mostly were regulation of cel-
lular senescence, ribonuclease P RNA binding, and platelet
alpha granule lumen. The down-regulated genes significantly
were positive regulation of DNA damage response, signal
transduction by P53 class mediator, neutrophin-receptor bind-
ing, and spliceosomal complex in BP, MF, and CC, respectively,
as shown in Figure 2A to F.
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Figure 2. Gene ontology analysis of DEGs. X-axis reflects gene count and Y-axis reflects GO terms. The dot size reflects the P-value (-log10(P-value)).
The enriched up-regulated and down-regulated GO term is categorized into the biological process (A, D), molecular function (B, E), and cellular function

(C, F).

In addition, the up-regulated and down-regulated DEGs
were related to KEGG pathways, including glycosaminoglycan
biosynthesis, chondroitin sulfate (CS)/dermatan sulfate, and
morphine addiction consequently as shown in Figure 3A to D.

Hub gene and significant modules

The PPI network of DEGs was established using
NetworkAnalyst. The most 10 hub genes were identified
including YAP1, TRAP2, POT1, EIF3G, FOS, TABI,
SMARCE1, GADD45G, SRRM2, and UBE2D4. The hub
genes were then selected and investigated for expression status
in AM (Table 1). The visualized PPI network was shown in
Figure 4A and B.

Furthermore, the functional enrichment analysis was per-
formed using Metascape. The results showed that extracellular
matrix (ECM) organization, NABA core matrisome, NABA
matrisome associated, collagen formation, and supramolecular

fiber organization are the most 5 significantly enriched mod-
ules (Figure 5A and B).

Transcription factor-genes regulation network
analysis

To investigate the important TFs and modulation activity of all
DEGs, the DEGs were applied to the OmicsNet database. The
network of TF-genes interaction was shown in Figure 6A. The
results demonstrated that FOXF2, JUND, SOX10, FOS,

REST, and TFAP2A were the most 6 significantly high modu-
lations of their genes among DEGs. The status of the TF
expression was shown in Figure 6B.

Identification of small molecule drugs

The displays a clustergram of the top small molecule candi-
dates expected to be best revert the DEGs of AM according to
LINCS L1000CDS? output and delineates that predicted up-
regulation and down-regulation of each drug with respect to
each DEG. The complete list containing 50 individual small
molecules is shown in Figure 7. The 5 small molecules includ-
ing CGP-60474, Salermide, Luminespib (NVP-AUY922),
Geldanamycin, and Tanespimycin were selected for target test-

ing with the hub genes using docking simulation through
SwissDock.

Docking simulation analysis

According to the LINCS L1000CDS$? result, the 5 small mol-
ecules with a higher score were used for molecular docking
analysis. Following our results, the FOS protein was found in
the PPI and TF network analysis, and it was selected to be a
target protein in docking simulation. Based on the SwissDock
calculation, the ligand and target components were ranked by
binding energy (AG). The binding energies of tanespimycin
(-8.562351kcal/mol),  luminespib  (-8.383352kcal/mol),
geldanamycin (-8.062184 kcal/mol), salermide (-8.18843 kcal/
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Figure 3. KEGG pathway enrichment analysis of the DEGs (P <.05). (A) The top 10 enriched pathways associated with up-regulated DEGs. (C) The top
10 enriched pathways associated with down-regulated DEGs. (B, D) The most significant pathways of up-regulated and down-regulated signaling

pathways.

Table 1. The top 10 hub genes were selected from the protein-protein
interaction network.

HUB GENES FULL NAME

YAP1 Yes1 Associated Transcriptional Regulator

TRAP2 TNF Receptor Associated Factor 2

POT1 Protection of Telomeres 1

EIF3G Eukaryotic translation initiation factor 3 subunit G

FOS Fos proto-oncogene

TAB1 TGF-Beta Activated Kinase 1

SMARCET1 SWI/SNF Related, Matrix Associated, Actin
Dependent Regulator of Chromatin, Subfamily E,
Member 1

GADD45G Growth Arrest and DNA Damage Inducible
Gamma

SRRM2 Serine/Arginine Repetitive Matrix 2

UBE2D4 Ubiquitin Conjugating Enzyme E2 D4

mol), and CGP-60474 (-7.851564) with FOS protein were
greater than -5kcal/mol resulting in it having good binding
pocket on protein surface. In addition, the 5 compounds with
lower binding energy were selected for visualization. The

visualization of the most favorable binding models of the key
targets is shown in Figure 8.

Discussion

Treatment of AM is one of the major issues nowadays. It may
become malignant or spread to other locations in addition to
having a high recurrence rate.!”!8 This study performed inte-
grated bioinformatics analysis to disclose potential biological
alteration, molecular mechanisms, therapeutic target, and
drug-triggering AM.

Proteoglycans (PGs), a structural component of both ECM
and cell membranes, are complex glycoconjugates composed of
a protein core with covalently attached glycosaminoglycans
(GAGs).?? Proteoglycan function in cell-cell and cellular
matrix adhesion, cell differentiation, and proliferation depend
on the attached GAG.2° Chondroitin sulfate, heparan sulfate
(HS), and keratan sulfate (KS) are major types of GAG.
Various investigations of PG/GAG in the oral cavity reported
either expression or potential involvement of these factors in
the progression of oral squamous cell carcinoma and salivary
tumors.”! As for odontogenic tumors, CS PG is widely
observed but variably expressed in epithelial nests and stroma
of both AM and keratocystic odontogenic tumor, and the
keratocystic odontogenic tumors have been renamed odonto-

genic keratocyst in the 2017 World Health Organization



Bioinformatics and Biology Insights

@csx3

SMARCE1

il ‘ , EF3G i ‘TL, - S i

%
n_s
@

-

GADDASG

name

Figure 4. (A) Protein-protein interaction (PPI) network of DEGs. (B) The most 10 hub genes were selected using the highest betweenness scores. The
violin plot showed the level of gene expression, the pink color represents AM, and the green color represents normal.
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(WHO) classification of head and neck tumors.?? In our pre-
sent study, the alterations of PG, heparin sulfate, and glycosa-
minoglycan were enriched in both GO and KEGG pathway
analyses and may be associated with the molecular pathogene-
sis of AM. Several gene mutations were investigated in AM
patients and previous reports showed mutation of SMO and
BRAF genes have a potential role in promoting the prolifera-
tion and invasion of the AM.?* Mutations in SMO (encoding
Smoothened, SMO) are common in AM of the maxilla,
whereas BRAF mutations are predominant in tumors of the
mandible. A previous study on SMO mutations in odontogenic
keratocyst reported that the mutation sites were concentrated
at exons 2, 3, 5, 6, and 10, indicating that may related to the

occurrence of odontogenic tumors which play important roles
in the development of odontogenic epithelium and the forma-
tion of odontogenic tumors.?* Many studies have also focused
on the relationship between the BRAF V600E mutation and
clinicopathological features and recurrence in patients with
AM.?> Moreover, BRAF V600E immunoexpression is signifi-
cantly associated with recurrence and plexiform pattern AM.2
However, the alteration of expressions in SMO and BRAF were
not presented in our analysis, and it is necessary to evaluate the
gene mutation status in an additional cohort of AM patients in
the future.

The TP53 protein is the product of the tumor suppressor
gene TP53, and functions in G1 arrest to allow the repair of
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DNA damage and to prevent the cell from entering the S
phase of the cell cycle, or to guide the damaged cell to apopto-
sis.?” Previous study showed that unicystic AM (UA) associ-
ated with high TP53 and interleukin (IL)-lo expression
predicts a better response to marsupialization than TP53-
negative and IL-1o-negative UA.2® According to our results,
GO analysis presents the down-regulation of positive regula-
tion of DNA damage response through TP53 signaling

transduction. The activation of p53 can lead to various
responses, eg, DNA damage might result in growth arrest to
allow for repair of the damage or apoptosis, both of these
responses aim to prevent damaged cells from proliferating and
passing mutations onto the next generation and the lacking of
functional p53 is unable to respond appropriately to stress, they
can accumulate mutations that favor the development of
cancer.
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FOS and CGP-60474,AG =-7.851564 Kcal/mol

Figure 8. The results of leading compounds with FOS targets protein and binding energy (AG) using molecular docking simulation.

y-Aminobutyric acid (GABA) is synthesized from gluta-
mate and released to activate GABA receptors for rapid inhibi-
tory synaptic transmission and tonic inhibition in neurons.?’ In
this study, GO and KEGG analyses revealed the GABA recep-
tors significantly decreased expression and down-regulation in
AM. In non-neuronal cells, GABAergic synapse has an impor-
tantrole in tumor promotion and progression.’* y-Aminobutyric
acid receptors have been divided using pharmacologic
approaches into 3 types including A, B, and C and GABA,
receptor has a crucial role and variety of functions in gastroin-
testinal cancers such as oral cancer, liver cancer, stomach cancer,
pancreatic cancer, and small intestinal cancer.’? A recent study
also showed GABA has an important role to promote cell pro-
liferation of oral squamous cell carcinoma cells (Tca8133) and
suppress apoptosis through the GABA, receptors.’ To date,
there is no study examining the role and association between
GABA, receptor expression and AM pathogenesis and recur-
rent; therefore, further study on the mechanism of GABA,
receptor should be extended.

In this study, the modular analysis revealed a significant
relationship between the ECM organization and collagen for-
mation. Extracellular matrix provides support and nutrients to
cell, promotes cell adhesion and migration, and serves a variety
of growth factors that influence growth, proliferation, morpho-
logical alteration, and, differentiation.33 In AM, ECM provides
invasiveness and progression of the tumor by ECM degrada-
tion requiring proteolytic enzymes that occurs during the

tumor developmental process, tissue repairing, and invasion.3*
The previous study suggests that in AM, the predominance of
tightly packed mature collagen fibers with greater diameter
gave promising results for the absence of hard tissue forma-
tion.3* Thus, the collagen fibers play a pivotal role in modeling
the biological behavior of various pathological lesions, as well
as vanguard its bystander epithelium during normal odon-
togenesis. The previous study showed AM tissue and stromal
fibroblast behave closely interact through the regulation of
inflammatory cytokines to create a microenvironment leading
to the extension of AIM.37 The diversity of adhesion molecules
has been studied and suggested to be a marker in AM such as
E-cadherin, B-caterin, syndecan 1 (SDC-1), CD-56, CD-147,
o-integrin, B-integrin, and claudins. The alteration of these
genes was identified as a marker of tumor invasion and growth
and has a fundamental role in odontogenic tumors.3® Although
several studies have attempted to descript the association
between cell adhesion molecules and AM, but it is necessary to
understand the important mechanism of these molecules and
the tumor progression.

This study showed FOS up-regulation in both the TF-gene
network and protein-protein network analysis. FOS protein is
encoded by proto-oncogene and belongs to the AP-1 family of
a TF that participates in the control of oncogenic transforma-
tion, cell proliferation, cell differentiation, and apoptosis.®’
FOS protein has an important role in bone development and
acts as a key regulator in osteoclast macrophage lineage
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determination and bone remodeling.*® Overexpression of FOS
was also found in various types of neoplastic cells, but the role
of FOS protein regulation in AM pathogenesis has not yet
been known. The previous study demonstrated that overex-
pression of FOS and tumor necrotic factor receptor 1 in AM.*
In addition, the up-regulated c—fos, c~jun, and human telomer-
ase reverse transcriptase were observed using in situ hybridiza-
tion.*> Thus, an increased FOS expression may play a role in
oncogenic transformation and may be involved in the regula-
tion of telomerase activity in the proliferation, and it could be
used as a therapeutic target in AM. In addition, this study also
presented FOXF2, JUND, SOX10, REST, and TFAP2A that
may regulate common mechanisms in AM. FOXF2 (Forkhead
Box F2) is expressed in the mesenchyme near tooth germ dur-
ing tooth development.®® The deficiency of FOXF2, which
repressed the transcription of TWIST1, induced the epithelial-
mesenchymal transition (EMT) and promoted the lymphatic
metastasis of basal-like breast cancer but the role of FOXF2 in
AM has not been studied.* It has been reported that JunD
proto-oncogene (JUND) is a crucial modulator in prostate cell
cycle progression and promotes cancer development and over-
expression of JUND increases cell proliferation and invasive-
ness of cancer cell lines.* However, the role of JUND in AM
has not been well-known. SOX10 is a TN that plays an essen-
tial role in the development and maturation of glial cells.*®
Transcription factor AP-2 alpha (TFAP2A) is an FGF8-
associated transcriptional mediator of developmental abnor-
malities that controls palatal elongation and elevation.#’
Mutations in the 7fap2a gene induce the up-regulated FGF8
expression, resulting in changing growth and morphogenesis of
cleft palate.*® Thus, it is reasonable to infer that loss of Tfap2
functions results in aberrant proliferation and apoptosis in pal-
atal cells, probably through altering FGF8 expression.*” In
AM, the overexpression of SOX10 may be related to increased
cell proliferation, local invasion, and high recurrence rates, and
the study of SOX10 should be extended for a possible pharma-
cologic treatment for further research.”

In this study, we used the L1000CDS? database for screen-
ing existing drugs or candidate compounds and used molecular
docking simulation for validation of the greatest binding
energy of 5 compounds that can perturb and reverse AM dis-
ease signature including Tanespimycin, Luminespib, Salermide,
Geldanamycin, and CGP-60474, respectively. Tanespimycin
showed the greatest binding affinity at -8.562351 kcal/mol to
FOS protein and it is derived from Geldanamycin for reducing
hepatotoxicity. Interestingly, Tanespimycin, Luminespib, and
Geldanamycin are being studied in various cancer types such as
leukemia, multiple myeloma, kidney cancer, and breast cancer.
These drugs can bind to the 90kDa heat shock protein
(HSP90) to inhibit the formation of the HSP90 complex caus-
ing tumor formation.”! CGP-60474 is a potent cyclin-depend-
ent kinase (CDK) inhibitor that is well-known to be associated
with regulating cell cycle transitions and other important cell
functions.>? In in vivo study, CGP-60474 alleviated tumor

necrosis factor-o. (TNF-a) and IL-6 in activated macrophages
by down-regulating the activity of nuclear factor kappa B (NF-
kB) in mice and it could be developed for treatment in neo-
plastic tumors.*3

The current treatment of AM usually includes surgery to
remove the tumor and other modalities of choice are chemo-
therapy and radiotherapy, but it depends on the selective situa-
tion.>* The goal of surgical treatment of AM is to reduce
recurrences, restoring fountain and aesthetics. Radiation ther-
apy has been used successfully for the non-surgical treatment of
AM especially in patients with medically unstable surgery. It
has been combined with surgery and chemotherapy.” The effi-
cacy of chemotherapy in both primary and recurrent AM is still
being investigated as chemotherapy can improve clinical out-
comes in non-surgical patients. Several drugs may be used in
combination with surgical resection and radiotherapy including
vinblastine + cisplatin + bleomycin and adriamycin + carbopl-
atin.5¢ However, there is still needed more clinical studies and
validation of the use of radiation and chemotherapy as treat-
ment options and the potential benefits should be balanced
with their side effects to justify their use in AM therapy.

Conclusions

Taken together, our transcriptome bioinformatic analysis iden-
tified the potential gene and protein (FOS), significant bio-
logical alteration, pathway signaling, and candidate compounds
between normal and AM tissue. The results suggested that the
alteration of glycosaminoglycan and GABA, signaling and
extracellular matrix organization play a key role in the patho-
genesis and progression of AM. In addition, FOS protein may
be used as a therapeutic target in the treatment of the disease.
These results suggest the involvement of promising molecular
mechanisms for a better understanding of these odontogenic
tumors and need further verification in a clinical study.
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